Abstract. Patients suffering from Parkinson's disease display a number of symptoms such a resting tremor, bradykinesia, etc. Bradykinesia is the hallmark and most disabling symptom of Parkinson's disease (PD). Herein, a basal ganglia-cortico-spinal circuit for the control of voluntary arm movements in PD bradykinesia is extended by incorporating DAergic innervation of cells in the cortical and spinal components of the circuit. The resultant model simulates successfully several of the main reported effects of DA depletion on neuronal, electromyographic and movement parameters of PD bradykinesia.
Introduction
The most severe symptom of Parkinson's disease is bradykinesia (i.e. slowness of movement). It is not known what causes bradykinesia because there are many pathways from the sites of neuronal degeneration to the muscles (see Figure 1 ). The most important pathways are: (1) the pathway from the substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA) to the striatum and from the striatum to the substantia nigra pars reticulata (SNr) and the globus pallidus internal segment (GPi) and from there to the thalamus and the frontal cortex, (2) the pathway from the SNc and the VTA to the striatum and from the striatum to the SNr and the GPi and from there to the brainstem, and (3) the pathway from the SNc/VTA to cortical areas such as the supplementary motor area (SMA), the parietal cortex, and the primary motor cortex (M1), and from there to the spinal cord. [12] The currently accepted view of what causes bradykinesia is that cortical motor centers are not activated sufficiently the basal ganglia (BG) circuits. As a result, inadequate facilitation is provided to motor cortical and spinal neuron pools and hence movements are small and weak [1] . The implication of this view is that cells in the cortex and spinal cord are functioning normally. This paper suggests otherwise.
In this paper, I integrate experimental data on the anatomy and neurophysiology of the globus pallidus internal segment [19] , the cortex [10] and the spinal cord structures, as well as data on PD psychophysics [16, 17, 18, 20] to extend a neural model of basal ganglia-cortex-spinal cord interactions during movement production [2, 3, 4, 5, 6, 7, 8] . Computer simulations show that disruptions of the BG output and of the SNc's DA input to frontal and parietal cortices and spinal cord may be responsible for delayed movement initiation. The main hypothesis of the model is that Fig. 1 . Schematic diagram of dopaminergic innervation of basal ganglia and sensory-motor cortex. Arrow-ending solid lines, excitatory projections; Dot-ending solid lines, inhibitory projections; Diamond-ending dotted lines, dopamine (DA) modulatory projections; STN, subthalamic nucleus; GPi, globus pallidus internal segment; GPe, globus pallidus external segment; SNr, substantia nigra pars reticulata; SNc, substantia nigra pars compacta; VTA, ventral tegmental area; PPN, pedunculopontine nucleus. elimination of DA modulation from the SNc disrupts, via several pathways, the buildup of the pattern of movement-related responses in the primary motor and parietal cortex, and results in a loss of directional specificity of reciprocal and bidirectional cells in the motor cortex as well as in a reduction in their activities and their rates of change. These changes result in delays in recruiting the appropriate level of muscle force sufficiently fast and in an inappropriate scaling of the dynamic muscle force to the movement parameters. A repetitive triphasic pattern of muscle activation is sometimes needed to complete the movement. All of these result in an increase of mean reaction time and a slowness of movement (i.e. bradykinesia). This work has been published in [12, 13, 14, 15] . Figure 2 schematizes the basal ganglio-cortico-spinal network model. As a basal ganglio-cortical network, the VITE (Vector Integration To-End point) model of [3] was chosen, which is here extended. In my proposed version of the VITE model, the types and properties of the cortically identified neurons are extended and the effects of dopamine depletion on key cortical cellular sites are studied. Briefly in the model, an arm movement difference vector (DV) is computed in parietal area 5 from a comparison of a target position vector (TPV) with a representation of the current position called perceived position vector (PPV). The DV signal then projects to area 4, where a desired velocity vector (DVV) and a non-specific co-contractive signal (P) [9] are formed. A voluntarily scalable GO signal multiplies (i.e. gates) the DV input to both the DVV and P in area 4, and thus volitional-sensitive velocity and nonspecific co-contractive commands are generated, which activate the lower spinal centers. In my model, the DVV signal represents the activity of reciprocal neurons [10] , and it is organized for the reciprocal activation of antagonist muscles, whereas the P signal represents the activity of bidirectional neurons (i.e. neurons whose activity decreases or increases for both directions of movement [10] ), and it is organized for the co-contraction of antagonist muscles.
Materials and Methods

Basis of the Model
The spinal recipient of my model is the FLETE (Factorization of LEngth and Tension) model [2, 3, 4, 5, 6] . Briefly, the FLETE model is an opponent processing muscle control model of how spinal circuits afford independent voluntary control of joint stiffness and joint position. It incorporates second-order dynamics, which play a large role in realistic limb movements. I extended the original FLETE model by incorporating the effect of the now cortically controlled co-contractive signal (in the original FLETE model, the co-contraction signal was simply a parameter) onto its spinal elements. Finally, I studied the effects that dopamine depletion on key spinal centers has on voluntary movements.
Architecture
The mathematical formalism of the basal ganglio-cortico-spinal model has been described elsewhere [12] . Figure 3 shows a qualitative comparison of abnormal cellular responses of GPi neurons to striatal stimulation in MPTP-treated monkeys [19] and simulated long duration of late inhibitions (B) and oscillatory (D) GPi neuronal responses. I propose that GPi responses similar to figure 3B are used to complete small amplitude movements, whereas GPi responses similar to figure 3D are used to complete large amplitude movements. Figure 4 depicts a composite schematic of simulated discharges of neurons in the primary motor and posterior parietal cortices in normal and dopamine depleted conditions. An increase in baseline activity of area's 4 bidirectional and reciprocal cells is evident as it has been observed experimentally [10] . Also, a significant reduction of peak activity of the bidirectional and reciprocal cells in the dopamine A B C D depleted case [10] . Finally, a disinhibition of reciprocally activated cells is observed in column 2 of figure 4D. Figure 5 depicts a qualitative comparison of alpha-MN activity in normal and dopamine depleted conditions for small and large amplitude movements. In the dopamine depleted case, a significant decrease in the peak alpha-MN activity of both agonist and antagonist muscles is observed [20] . What is also evident is the absence of a co-contractive activation of antagonist muscles as it has been observed in monkey stimulation studies [21] , but not in human studies [20] . Also, a repetitive biphasic agonist-antagonist muscle activation can be observed as in [22] . The GO signal used to simulate such repetitive muscle activation is the one from figure 3B. The agonist a-MN activity is scaled down by 1.6 marks, so that a clearer repetitive biphasic pattern of muscle activation is shown. The GO signal used in (B) is the same as in figure 3B , whereas the GO signal used in (C) is the same as in figure 6A . Time (x-axis) in ms. simulated is shown in figure 6A . They are evident the two sub-movements required to complete the movement. Figure 7 depicts the position, velocity and force profiles produced in the dopamine depleted condition of a small-amplitude movement. The GO signal used for these simulated is shown in figure 7A . For this movement a single motor command produced by the DVV cells is needed to complete it. 
Results
Dopamine Depletion Effects on the Discharge of Globus Pallidus Internal Segment Neurons
Dopamine Depletion Effects on the Discharge of Cells in the Primary Motor and Posterior Parietal Cortices
Dopamine Depletion Effects on the Discharge of Cells in the Spinal Cord
Dopamine Depletion Effects on Movement Variables
Conclusion
The present model is a model of voluntary movement and proprioception that offers an integrated interpretation of the functional roles of the diverse cell types in movement related areas of the primate cortex. The model is based on known corticospinal neuroanatomical connectivity (see Tables 1 and 2 • Substantial reduction in the size and rate of development of muscle production These findings provide enough evidence to support the main hypothesis of the model reported earlier in the paper. A much larger set of experimental evidence that the model successfully simulated are shown in [12] .
